The aim of this study was to investigate the role of saliva esterase activity on carboxylic esters typically associated with pleasant and fruity aromas in wine. For this, ex vivo experiments using the same fresh and inactivated (without enzymatic activity) human saliva with a mixture of carboxylic esters with different aliphatic chain length (ethyl butanoate, ethyl pentanoate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, and isoamyl acetate) were prepared. Liquid-liquid extraction with dichloromethane and GC-MS analysis were applied to the saliva systems in order to determine the reduction in ester content and the formation of their corresponding metabolic products (carboxylic acids) in the saliva systems before and after incubation at 37C. In addition, to check if there was a relationship between the susceptibility of esters to saliva hydrolysis and the amount of in-mouth ester release during wine intake, the remaining oral amount of each ester was determined by comparing the intraoral amount immediately after spitting out the wine and 4 min later. Ex vivo experiments showed ester degradation by saliva esterase enzymes mainly acted on long chain esters (ethyl octanoate and ethyl decanoate), which gave rise to the formation of their corresponding carboxylic acids. Nonetheless, in spite of their higher susceptibility to saliva enzymes, in vivo experiments showed that long chain carboxylic esters remained in the oral cavity long after swallowing. This confirmed that ester hydrophobicity is closely related to the in-mouth temporal release of these odorants and, therefore, behind wine aroma persistence. In wines, esters represent a group of aromatic compounds of great interest since they are linked to pleasant fruity aroma nuances. Today wine consumers are demanding fresh and long persistent fruity aromatic wines. The present research contributes to better understanding the relationship between ester content in the wine and oral aroma release experienced during wine tasting, considering the changes in these compounds during oral processing. This is a necessary step when trying to unravel the factors involved in wine aroma perception and in consumer preferences, and it represents a necessary knowledge in promoting winemaking practices (e.g., the use of selected microorganisms) for improving the type and amount of these aroma compounds in the wine. K E Y W O R D S aroma persistence, carboxylic esters, in-mouth aroma release, saliva esterase activity, wine
fruity character of many types of wines (Escudero, Campo, Fariña, Cacho, & Ferreira, 2007; Francis & Newton, 2005; Rapp & Mandery, 1986 ). In addition, through perceptual interactions, these compounds enhance the perception of fruity aroma even at concentrations below their individual olfactory thresholds (Lytra, Tempere, Le Floch, de Revel, & Barbe, 2013) . The fact that most esters are present in concentrations around their threshold values implies that minor concentration changes might have a dramatic effect on wine flavor. Therefore, a better understanding of ester hydrolysis/synthesis of these compounds in the wine matrix is essential to aid the winemaker in achieving the best possible winemaking outcome (Sumby, Grbin, & Jiranek, 2010) .
Additionally, besides their changes in the wine itself, it is interesting to know what happens with these compounds during oral processing and what type of chemical or biochemical transformations might occur before reaching, via the retronasal route, the olfactory receptors during wine tasting. Recently, it was shown that some wine esters can be adsorbed into the oral mucosa in a relatively large amount (23-44% for isoamyl acetate and ethyl hexanoate) after 30 s of oral exposure to wine (Esteban-Fernández, Rocha-Alcubilla, Muñoz-González, Moreno-Arribas, & Pozo-Bayón, 2016) . However, they are quickly released from oral mucosa and they do not remain in the oral cavity for a long time (Esteban-Fernández et al., 2016) , thus, having a moderated contribution to aroma persistence. One possible explanation could be the weak interactions between these compounds and saliva proteins from the saliva pellicle (Ployon, Morzel, & Canon, 2017) . Although there are not in vivo studies confirming this, results from in vitro studies have shown that hydrophobic interactions can be behind these interactions (Pagès-Hélary, Andriot, Guichard, & Canon, 2014) . The presence of other wine matrix compounds such as polyphenols has also been proven to have a role on the adsorption capacity of some esters to oral mucosa (Esteban-Fernández, Muñoz-González, Jiménez-Girón, Pérez-Jiménez, & Pozo-Bayón, 2018; Esteban-Fernández et al., 2016) . Another plausible explanation could be the oral degradation of esters by some saliva enzymes.
Salivary aroma converting enzymes might originate from the salivary glands, oral tissues, or even microorganisms (Ployon et al., 2017) .
The effect of saliva enzymes on the metabolism of different types of aroma compounds such as thiols, aldehydes, ketones, and esters has been shown in different works (Buettner, 2002a (Buettner, , 2002b Muñoz-González, Feron, Brulé, & Canon, 2018; Pagès-Hélary et al., 2014) . In the case of esters, hydrolysis can be seen as the most probable mechanism as many esterolytic enzymes can be found in human saliva (Buettner, 2002b) . Apart from carboxylesterases, other enzymes such as acetylcholinesterase, trypsin, chymotrypsin, carbonic anhydrase, and pseudocholinesterase can exhibit esterase activity (Krisch, 1971; Ployon et al., 2017) . The esterolytic activity of saliva was investigated in a previous work (Buettner, 2002b) . In this work, a reduction in the content of some carboxylic esters (ethyl butanoate, ethyl hexanoate, and ethyl octanoate) was observed after 10 min of incubation in the presence of human saliva, which did not happen when saliva was thermally inactivated. Nonetheless, the corresponding degradation products (carboxylic acids) were not found in the saliva, which the authors explained by the low aroma concentration used in the experiments. In another work, using static headspace conditions, Pages-Hèlary et al. (2014) also investigated the effect of human saliva on the concentration of a series of carboxylic esters (from ethyl butanoate to ethyl heptanoate). They observed a decrease in the headspace concentrations of all of them, although it was not clear whether ester reduction was due to interaction with salivary proteins or to saliva esterase activity. Moreover, the consequence of this effect for in vivo ester release during food consumption remains uncertain.
Because of the outstanding role of esters for many fermented beverages such as wine, and the lack of a clear relationship between the role of esterase enzymes and their effect on wine aroma, this work has two main objectives. First, to evaluate the esterolytic capacity of human saliva on wine aromatic esters associated to fruity aromas through ex vivo experiments, in which five ethyl esters of volatile acids (ethyl butanoate, pentanoate, hexanoate, octanoate, and decanoate) and one higher alcohol acetate (isoamyl acetate) were incubated (at 37C) or not in enzymatic (without any treatment) and nonenzymatic pooled saliva (after enzymatic inhibition with CaCl 2 ) from 10 individuals. The reduction in esters content and the formation of the corresponding metabolic products (carboxylic acids) was followed by liquid-liquid extraction with dichloromethane and gas chromatography-mass spectrometry (GC-MS) analysis. The second objective was to check the in-mouth ester release after the exposure of the oral cavity to an aromatized wine with the same six esters previously tested in the ex vivo experiments. The rationale for this objective was to probe if the higher or lower susceptibility of some esters to saliva esterase, might also affect in-mouth ester release. In this case, oral aroma release was monitored immediately after rinsing the mouth and spitting off the wine and then, 4 min later, using the same 10 volunteers who donated the saliva samples for the ex vivo experiments.
| MATERIALS AND METHODS

| Saliva samples
Unstimulated saliva samples were collected from 10 healthy subjects (four men and six women), aged between 21 and 36 years old. All subjects were nonsmokers and had not taken any antibiotics or other medical treatments during at least 3 months prior to the sampling.
Participants were asked not to consume any food or drink 2 hr before the saliva was collected. They let the saliva naturally accumulate in the mouth and then spat it directly into a collection tube. This fresh saliva collected from all the individuals was pooled together and centrifuged at 2,600 × g for 15 min at 4C. This mixture of saliva had a protein concentration determined using the Thermo Scientific Pierce BCA Protein Assay Kit (Wattham, MA) of 1.04 mg/ml and a pH of 7.13. From this, half saliva (enzymatic saliva, ES) was separated and the other half was enzymatically inactivated (nonenzymatic saliva, NE) by adding 33 mg CaCl 2 (Panreac, Barcelona, Spain) per milliliter of saliva. Therefore, two saliva types (whole and inactivated saliva) were employed for this study. Saliva samples were aliquoted and stored at −80C until use. All saliva experiments were performed 1 week after saliva was collected.
| Ex vivo experiment of ester degradation by saliva
From the same mixture of saliva, eight types of saliva systems were prepared ( Table 1) . Four of them corresponded to the enzymatic saliva systems (ES) (without enzymatic inactivation). Two ES systems were aromatized and one was incubated at 37C for 120 min (ES-120), while the other was not (ES-0). The other two ES systems were not aromatized (control saliva), and one was incubated in the same conditions described above (ES-C120), while the other was not (ES-C0). The other four saliva systems corresponded to nonenzymatic saliva (NES). Following the same experimental procedure already explained, two of them were aromatized and one was incubated at 37C for 120 min (NES-120), while the other was not (NES-0). In addition, as shown in Table 1 , the other two NES samples without aroma were also prepared (NES controls), and one was incubated at 37C for 120 min (NES-C120), while the other was not (NES-C0).
For the aromatization of the saliva systems (ES-0, ES-120, NES-0, and NES-120), six independent stock solution of six esters associated to fruity aromas in wines (Sumby et al., 2010) and with different physicochemical properties were employed ( Table 2) . The tested estersethyl butanoate (105-54-4) from Aldrich (Steinheim, Germany); ethyl pentanoate (539-82-2), ethyl octanoate (106-32-1), and isoamyl acetate (123-92-2) from Fluka (Buchs, Switzerland); ethyl hexanoate (123-66-0) and ethyl decanoate (110-38-3) from Merck (Darmstadt, Germany)-were prepared in absolute ethanol (Merck, Darmstadt, Germany) at 10,000 mg/L. From this stock, a second solution of each aroma compound in absolute ethanol (1,000 mg/L) was also prepared.
Hundred microliter of this solution was added to the saliva systems at a final concentration of 50 mg/L. This concentration was below the solubility values estimated for all the esters used in this study except for ethyl decanoate. In the case of this compound, the selected concentration might have been higher than its estimated solubility value in water. Nonetheless, it is important to bear in mind that these values are mostly estimated in water at 25C. The conditions used in this work, in which esters are first completely solubilized in absolute ethanol, and second added to the saliva (water) system and even incubated at 37C, might have also increased its solubility. To avoid aroma interactions, only one aroma was assayed in each saliva system.
| Analysis of esters and carboxylic acids in the saliva systems by GC-MS
For the extraction of aroma compounds, 2 ml of the saliva systems was spiked with 100 μL of the internal standard, methyl nonanoate (1 mg/L), and extracted twice with 1 ml of dichloromethane (RCI Labscan Ltd., Bangkok, Thailand) then, they were submitted to ultrasonication (15 min) in an ice bath and finally centrifuged (5,000 rpm, 4C, 15 min) to separate the two phases. The combined organic extracts were dried over anhydrous Na 2 SO 4 , then concentrated to a total volume of 500 μL and subsequently analyzed by GC-MS. aroma compound was added to the wine immediately before the assay to obtain a final concentration of 2 mg/L, which is slightly higher than the concentration of these compounds naturally found in wine, allowing us to increase the sensitivity of the oral aroma monitoring. contained in a manual holder (Supelco) was placed into the oral cavity of the panelist. This methodology was previously validated (Esteban-Fernández et al., 2018 , 2016 . Briefly, the SPME fiber was placed inside a plastic tube firmly held by the lips of the volunteer and during the in-mouth extraction, the lips were kept closed around the plastic tube containing the SPME fiber. During the extraction, the fiber does not touch the mouth surface and the aroma extraction is done in the free space of the mouth. Swallowing was not allowed throughout this process. After 2 min of extraction, the fiber was removed from the oral cavity, and immediately placed into the split/splitless injector.
| Intraoral aroma monitoring
Four minutes after the first expectoration, a second sampling of the oral cavity was carried out. To do so, a new SPME fiber was used to perform the second oral aroma extraction (t = 4 min) in the same conditions previously described. The two SPME fibers were selected before starting the experiment considering their similarity in volatile recovery rates, considering that differences between them could not be higher than 5%. Each assay was performed three times by the 10 panelists.
The SPME fiber with the oral aroma extract from the second oral sampling (t = 4 min) was immediately desorbed in the injector of the GC system (Agilent 6890N) (Agilent Technologies, CA) in splitless mode for 1.5 min at 250C. The SPME fiber with the breath extract corresponding to t = 0 was stored in the fridge (4C) in a sealed glass tube until the first GC run (corresponding to t = 4 min) finished. Preliminary experiments were performed in order to ensure that there were no significant losses of aroma during the storage of the fiber, which was about 1 hr. The chromatographic and MS conditions for the breath analysis were similar to those explained before for the analysis of aroma compounds in the saliva systems. In the case of intraoral SPME data, since no internal standard was used, absolute peak areas (APAs) were obtained to express aroma release. APAs were used to compare the percentage of ester remaining in the oral cavity 4 min after wine expectoration considering the amount of ester released at t = 0 as 100%. 
| RESULTS AND DISCUSSION
| Ester degradation by saliva
First of all, the GC-MS analysis from the saliva extracts did not show the presence of any of the tested esters in the control saliva systems without aroma (NES-C or ES-C after 0 or 120 min of incubation).
Nonetheless, some traces of hexanoic and decanoic were found in all the saliva systems without incubation. Different primary aliphatic acid volatiles have been already described in the saliva volatolome (de Lacy Costello et al., 2014) , thus these compounds could naturally occur in the saliva samples. Figure 1 shows an example of the chromatograms obtained for the control ES system without added aroma ( Figure 1a ) and the two ES systems with aroma and no incubation ( Figure 1b ) and the same system after 120 min of incubation ( Figure 1c) .
To check the effect of the saliva system (inactivated or not) and the incubation time (0 or 120 min) on the amount of ester recovered, results corresponding to RPAs of the six tested esters in each saliva system were submitted to a two-way ANOVA. Results confirmed that both factors significantly affected the recovery of esters. As can be seen in Table 3 and therefore the recovery of these compounds (Leggett, Jenkins, & Miyares, 1990 ). On the contrary, the long chain esters, ethyl octanoate and ethyl decanoate, were more recovered in ES than in NES. In the case of ethyl hexanoate, the recovery was almost identical in both saliva systems, which did not prove an effect of CaCl 2 in the extraction of this compound in the saliva systems. Table 3 also shows that except ethyl decanoate, the recovery of all tested esters was lower after 120 min of incubation time.
In order to better understand these results, the impact of incubation time in the amount of ester recovered (expressed as RPAs) considering separately the two types of saliva systems (NES and ES) is shown in Figure 2a ,b.
As it can be seen, a significant reduction in the amount of all esters after 120 min of incubation time was observed in the ES system. This reduction was higher in the case of the long chain acids ethyl octanoate and ethyl decanoate (14-26%) compared to the small esters, ethyl butanoate, isoamyl acetate, and ethyl pentanoate (9-10%) (Figure 2a ). The reduction in ester recovery could be due to enzymatic degradation by saliva enzymes, however, this reduction was also found in saliva without enzymatic activity (Figure 2b) . Here a reduction in ethyl butanoate, isoamyl acetate, ethyl pentanoate, and ethyl hexanoate was also observed, in spite that it had already been found that esterase activity is inhibited by CaCl 2 (data not shown).
However, in these saliva systems, a significant increase of the two largest esters, ethyl octanoate and ethyl decanoate, was observed after 120 min of incubation at 37C (Figure 2b ). In NES, the observed reduction in ester recovery during incubation could be due to hydrophobic interactions of aroma compounds with saliva proteins as previously reported (Pagès-Hélary et al., 2014) . The long incubation time (120 min) might have favored these interactions. In addition, previous works have also suggested that some salts might change the conformational state of saliva proteins (such as mucin) and therefore, the interactions between saliva proteins and esters (Friel & Taylor, 2001) , which could have also consequences on the recovery of esters from the saliva systems. Thus, the addition of CaCl 2 might have induced conformational changes in saliva proteins, which might have affected aroma-protein interactions, and especially, the interactions with the most hydrophobic esters. This effect should be more evident at longer incubation times, and could be the reason for the higher recovery of ethyl octanoate and ethyl decanoate found in the NES after 120 min of incubation time. However, another hypothesis, such as the formation of these compounds by transesterification reactions cannot be discarded and it has already been suggested (Buettner, 2002b) . Future works will be necessary to validate this hypothesis.
Even though a significant reduction in all the esters after 120 min was determined in the ES system, it was uncertain if the esterolytic Note. Different superscripts within the same column denote significant differences p < .05 among saliva systems (NES versus ES) or incubation times (t = 0 and t = 120 min).
FIGURE 2 Effect on incubation time (120 min at 37C) on esters recovered from (a) enzymatic saliva (ES); (b) nonenzymatic saliva (NES). Different letters denote statistical significant differences (p < .05) from Tukey test. Results are expressed as relative peak area (compound peak area/internal standard peak area) activity of saliva could be the reason. The fact that in the NES system, a similar or even higher reduction in ester recovery after 120 min of incubation was found, it did not prove the involvement of saliva esterase activity on these results. Previously, hydrolysis had been assumed to be the most probable mechanism to explain reduction of esters in saliva, since many esterolytic enzymes can be found in human saliva (Ployon et al., 2017) . In this case, carboxylic acids should be the metabolic degradation products. Then, a careful analysis of the metabolic degradation products was performed in each saliva system. These results are shown in Figure 3 . From the six acids analyzed (butanoic, propanoic, pentanoic, hexanoic, octanoic, and decanoic acids), only hexanoic, octanoic, and decanoic acids were in sufficient amounts in the saliva systems to be unambiguously identified. As it can be seen in Figure 3 , the three of them were found in the ES system after 120 min of incubation. Also, a small amount of hexanoic and decanoic acids was also detected in the ES without incubation, but their concentration significantly increased after incubation. Contrarily, in the NES saliva systems, only decanoic acid was present at very low concentrations and it did not increase, but in fact it decreased after 120 min, whereas the concentration of this acid significantly increased in the ES system.
These results clearly show the presence of higher amounts of metabolic degradation products from some carboxylic esters, such as ethyl hexanoate, ethyl octanoate, and ethyl decanoate only in the enzymatic saliva samples. These acids were not generated in the nonenzymatic saliva systems. As far as the authors know, this is the first time that the production of these three carboxylic acids from ester degradation has been confirmed, comparing in the same experiment saliva enzymatically inhibited or not. These results also show a preference of saliva esterase by long chain carboxylic esters which confirmed previous results (Buettner, 2002b; Pagès-Hélary et al., 2014) .
| In-mouth ester release after wine rinsing
The above results confirmed the hydrolysis of esters by saliva enzymes using an ex vivo approach. If esters, and mainly long chain esters could be degraded by saliva, this could affect their in-mouth release. To check this, the oral release of the six target esters was monitored in 10 volunteers immediately after rinsing and spitting off a wine, and then, 4 min later by using intraoral SPME (Esteban-Fernández et al., 2018 , 2016 . Aroma release values (APAs) obtained for each in ester release from the first oral sampling (immediately after wine expectoration) to the second one (4 min after the first wine expectoration) was observed. However, this decrease was different depending on ester type. Figure 4 shows these differences. Here, the remaining amount of each ester still present in the oral cavity 4 min after spitting off the wine was calculated by comparing ester release at t = 0 and t = 4, and considering aroma release at t = 0 as 100%. As it can be seen, the remaining oral amount of the smallest esters, like ethyl butanoate, isoamyl acetate, and ethyl pentanoate, was very low 4 min after spit off. Above 9% of the initial amount of ethyl hexanoate was still present in the oral cavity 4 min after wine expectoration. However, the largest differences were found for the two long chain esters which is usually called aroma persistence (Buffo, Rapp, Krick, & Reineccius, 2005; Linforth & Taylor, 2000; Ployon et al., 2017) . Differences on temporal release depending on ester type could be caused, not only by saliva degradation, but also by interaction of esters with saliva proteins. The fact that in spite of their higher susceptibility to saliva degradation, long chain esters remained in large proportion in the oral cavity supports the hypothesis that differences in in-mouth ester release are largely determined by the strong interaction of these aroma compounds to saliva proteins. Previous in vitro studies have proven that retention of esters by saliva mucin increases as a function of the aliphatic chain length, thus suggesting the involvement of hydrophobic interactions (Pagès-Hélary et al., 2014) . The conclusion of this work is in agreement with the linear relationship found between the remaining amounts of esters in the oral cavity 4 min after wine expectoration and the hydrophobicity of the aroma compound (characterized by the logP value) (Voilley & Souchon, 2006) , as it is shown in Figure 5 . A direct relationship between compound hydrophobicity and its presence in the oral cavity 4 min after wine expectoration was found. These results can imply higher aroma persistence of the corresponding aromatic notes associated to these chemical odorants (Table 2) , which will be necessary to confirm in sensory studies.
In spite of these results, the role of saliva esterase cannot be ignored as it might have important sensory consequences. The formation of new odorant molecules (carboxylic acids) with different aromatic notes and odor thresholds, together with the reduction of esters (associated to pleasant fruity notes) might alter the intensity and perception of wine aroma. In addition, saliva esterase activity could be very different among individuals giving rise to differences in aroma perception. In addition, the specific wine chemical composition (a relatively large ethanol content, acidic pH) and the presence of certain compounds such as polyphenols, might also affect the esterolytic saliva activity. None of these factors have been considered in this study, and should be the objective of future works.
| CONCLUSIONS
The incubation (120 min at 37C) of human saliva spiked with typical wine carboxylic esters produces a reduction in ester content and the formation of the corresponding metabolic degradation products (carboxylic acids). Although a reduction in ester content has also been proven in the same saliva without enzymatic activity, no carboxylic acid formation has been found in the latter, confirming a saliva esterolytic activity on typical wine carboxylic esters. This activity has shown preference for long carboxylic esters (ethyl octanoate and ethyl decanoate) over small ones (ethyl butanoate, ethyl pentanoate, and ethyl hexanote). However, in spite of the higher susceptibility of long chain esters for esterase enzymes, in vivo results showed that long chain esters remained in the oral cavity longer compared to the smallest ones. These results confirmed that ester hydrophobicity is the main driving force governing in-mouth ester release, and likely, the long lasting perception of these aroma compounds during wine consumption. Nonetheless, the role of saliva esterase on ester degradation and the formation of new odorant molecules might also have important sensory consequences that need to be explored in future sensory studies.
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